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Multi-level driver stage 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to driver stages for driving an 
output on one of n-levels, as may be used for example in 
multi-level signaling. 

2 . Description of the Prior Art 

Multi-level signaling enjoys a growing interest with respect 
to bus interfaces having a high bandwidth. Multi-level 
signaling techniques, in which two bits are simultaneously 
transmitted to a clock cycle and/or a clock edge, currently 
take a different stand. In order to achieve this, the bus is 
driven to one of four different levels, which may then be 
decoded on the receiver-side by a simple two-bit 
analog/digital conversion. 

The US-6,140,841 describes a high-speed interface device 
comprising a data driver means for decoding 2-bit data signals 
so as to obtain 4-level data signals, a reference voltage 
generation means for generating multi-level reference voltages 
so as to be able to differentiate between the voltage levels 
of the 4-level data signals, and a receiving means for 
simultaneously comparing the 4-level data signals with multi- 
level reference voltage signals, so as 'to output 2-bit data 
signals, depending on the comparison. An example of a data 
driver means includes three n-channel MOS-transistors 
connected in parallel between ground and the transmission 
line, which is biased via terminal resistors on a terminal 
voltage. The channel widths of the transistors are 2WN each. 
By turning the respective transistors on and off, the total 
channel width is changed step-wise by 2WN, as a result of 
which the driving current and the driving voltage on the 
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transmission line are equidistantly changed on a step-wise 
basis. Each of the resulting four possible voltage values 
and/or voltage levels is associated with a combination of bit 
values of the 2-bit data signals. The reference voltages will 
be set to the voltages which are located in the center between 
the possible four voltage levels. A further example for the 
data driver means provides two p-channel MOS-transistors 
connected in parallel between the supply voltage and the 
transmission line and two n-channel MOS-transistors connected 
between ground and the transmission line. The transistor width 
of one of the pairs of transistors each is two times the size 
of the one of the other one of the respective pairs of 
transistors. By turning the transistors on and off, four 
different voltage levels are generated which are arranged 
equidistantly to each other by a voltage difference. 

A disadvantage of the high-speed interface device of the 
US-6,140,841 is that when using this device, either serious 
transmission errors occur or complex adjustments of the 
reference voltages are necessary, so as to avoid these 
transmission errors. 

SUMMARY OF THE INVENTION 

It is the object of the present invention to provide a driver 
stage for driving an output on one of n-levels as wells as a 
manufacturing method for the same so that, when using the 
same, less errors occur on the receiver-side for multi-level 
transmission . 



In accordance with a first aspect of the invention this object 
is achieved by an inventive driver stage for driving an output 
on one of n-levels which are each spaced from each other by a 
voltage difference of AV, includes a plurality of field effect 
transistors for driving the output by leading a current to or 
away from the output, with the ratio of the channel widths of 
at least two field effect transistors, which are both acting 
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either for supplying or removing a current, being adjusted 
depending on the value of the voltage difference. 

in accordance with a second aspect of the invention, this 
object is achieved by a method for manufacturing a driver 
stage for driving an output on one of n-levels, which are each 
spaced from each other by a voltage difference of AV, 
comprising the following steps: 

forming a plurality of field effect transistors for driving 
the output by supplying or removing current to or from the 
output, with the relationship of the channel width of at least 
two field effect transistors, which both function to either 
lead current to or away, being set in dependence on the value 
of the voltage difference 

The recognition of the present invention consist in that the 
simple scaling of the channel widths, such that the ratio of 
the channel widths of the respectively activated push- 
transistors, i. e. the respective current-supplying field 
effect transistors, or the respective activated pull- 
transistors, i.e. the respective current-removing field effect 
transistors, equals the ratio of the desired voltage level 
changes, results in errors when decoding on the receiver-side 
and/or in analog/digital conversion, and that instead, the 
ratio of the channel widths below the pull- and/or push-field 
effect transistors is to be adjusted depending on the desired 
value of the voltage difference between the desired n-output 
levels . 

Brief Description of the Drawings 

Preferred embodiments of the present invention will be 
explained in detail below with reference to the attached 
drawings in which: 

Fig. 1 shows a circuit diagram of a driver stage in 
accordance with an embodiment of the present 
invention; and 
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Fig. 2a show desired voltage levels plotted along a voltage 
_ 2c axis as well as pertaining validity areas for the 

case of a freely selectable voltage difference, the 
voltage difference of a quarter of the supply voltage 
and/or of a voltage difference of one third of the 
supply voltage. 

Detailed Description of the Prefe rred Embodiments 

In the following, an embodiment for a driver stage will be 
described with reference to Fig. 1 and 2, which may be used as 
a multi-level transmission interface. However, other 
applications are also conceivable. It is realized in MOS- 
technology and suited for a voltage mode driver operation and 
does not have to use a voltage mode driver operation. This is 
advantageous in that the current mode driver operation has 
gained great currency by the DDR- S DRAM- S STL interface 
specification (DDR = double data rate; SDRAM = synchronous 
dynamic random access memory; SSTL = stub series terminated 
logic) . However, the invention is not limited to the 
application in this interface specification. In particular, 
the following description relates to a four-level driver 
stage, with the invention, however, being also applicable to 
other multi-level methods with n > 2. 

The driver stage from Fig. 1 being generally indicated at 10, 
is essentially divided up into three parts, that is a 
push/pull circuit part 12 and a transcoder 16. Additionally 
shown is the external line terminal circuit part 14. The 
push/pull circuit part 12 includes four field effect 
transistors, i. e. two pMOS-transistors 12a and 12b and two 
nMOS-transistors 12c and 12d. With their drain/source path, 
the pMOS-transistors 12a and 12b are connected in parallel 
between a supply voltage V DDQ and the transmission line, on 
which the driver stage 10 is to generate one of four voltage 
levels, with the transmission line being indicated at 18 in 
Fig. 1. The nMOS-transistors 12c and 12d are similarly 
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connected in parallel to each other with their source/drain 
paths between ground and the transmission line 18. 

The gate terminals of the transistors 12a - 12d are controlled 
by signals S pl , S p2 , S N1 and S N2 , which receive the same from the 
transcoder 16 which, in turn, sets the same in accordance with 
a unique activation scheme and/or a unique allocation rule 
depending on the bit values of two incoming bit signals, i. e. 
bit 0 and bit 1. These bits represent the information to be 
transmitted, i. e. one of four conditions and/or voltage 
levels, which are to be transmitted in a clock cycle and/or at 
a clock edge. 

The external transmission line terminal circuit part 14 
includes two terminal resistors 14a and 14b, which are 
connected in series between the free end of the transmission 
line 18, which is not connected to the transistors 12a to 12b 
of the push/pull circuit part 12, and a transmission line 
termination bias voltage terminal 14c, to which the terminal 
voltage V tt is applied, so as to bias the transmission line 18 
via the resistors 14a and 14b to the terminal voltage V tt . 
Presently, as an example, the terminal voltage V tt is half of 
the supply voltage V DDQ . Both resistors 14a and 14b comprise a 
resistance of for example 25 Ohm. Further, the transmission 
line terminal circuit part 14 includes a capacitive load 14d 
typically occurring between both resistors 14a and 14b. The 
capacitive load 14d comprises a capacity C L/ which, for 
example, is 30 fF. 

The output, where the driver stage 10 is to generate one of 
four predetermined voltage levels and where receiving circuits 
(not shown) are to be connected for an analog/digital 
conversion, is indicated at 20 in Fig. 1, and is connected to 
a transmission line 18 at a point between the push/pull 
. circuit part 12 and the transmission line terminal circuit 
part 14. 
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After having previously described the structure of the driver 
stage 10, the functionality of the same and/or its desired 
functionality will be described below with detailed reference 
being made to the setting of the channel widths of the 
transistors 12a - 12d, which is necessary so as to enable the 
driver stage 10 to fulfill certain desired criteria, such as 
for example the desired voltage difference between the four 
output voltage levels. 

Via the transmission line termination terminal 14c, with the 
transistors 12a - 12d being turned off and/or switched to a 
non-conducting state, the transmission line 18 is biased to 
the terminal voltage V tt = V DDQ /2. The transmission line 18 from 
Fig. 1 thus corresponds to a standard SS.TL bus with a terminal 
at V tt - By turning a predetermined selection of transistors 12a 
- 12d on and off, current is passed from the transmission line 
18 to ground and/or from the supply voltage V DDQ , as a result 
of which the voltage V D on the transmission line 18, which 
simultaneously represents the drain voltage at the transistors 
12a - 12d, is decreased or increased. To put it more 
precisely, supplying or removing a current causes a voltage 
drop across both resistors 14a and 14b, as a result of which a 
voltage level between V DDQ and V tt is generated at the output 20 
and/or the transmission line 18 when current is supplied, and 
a voltage is generated between ground and V tt when current is 
led away. 

In the present embodiment, in order to provide a possibly 
simple receiver-side decoding of the 4-level signal generated 
by the driver stage 10, the four voltage levels are to be 
arranged equidistantly between ground and V DDQ . The desired 
voltage value in accordance with the present embodiment for a 
voltage difference AV, which is still to be specified, is 
shown in Fig. 2a. 

Fig. 2a shows the desired voltage levels, with virtual units 
plotted via a voltage axis 30 on the left side of the axis 30. 
As may be seen, the desired voltage levels are symmetrically 
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arranged to the terminal voltage V tt . In addition, each desired 
voltage level is associated with one of the possible four 
combinations of input bits, i. e. 00, 01, 10 and 11, as is 
indicated in square brackets. 

Further, a hatched validity area is shown in Fig. 2a for each 
of the four desired voltage levels, with hatched areas to the 
left of axis 30. Each desired voltage level is associated with 
a validity area and is arranged in the center within the same. 
The validity areas abut each other and thus form a continuous 
voltage area without any gaps. Depending on the validity area, 
in which the voltage level falls at the output 20 of the 
driver stage 10, the received signal level on the receiver 
side will be associated with the corresponding bit combination 
to be transmitted. This is performed by comparing the voltage 
applied to output 20 with reference voltages, which are 
indicated on the right-hand side of the axis 30 and which 
represent the limiting values of the abutting limiting areas, 
which separate two adjacent validity areas from each other, 
i.e. V tt + AV, V tt and V tt - AV. Further details with respect to 
receiving and decoding the generated 4-level voltage signal 
may be taken from US 6,140,841, which is incorporated herein 
by reference. 

On the basis of the limitation by the supply voltage V DDQ it 
becomes clear that the voltage difference AV is restricted to 
voltage levels less than V DDQ /2, since otherwise two of the 
four validity areas fall outside the possible voltage values, 
i. e. the validity areas of the bit combinations 11 and 00. In 
table 1, for each possible bit combination of the input bit 
signals (first column), the values for the desired and/or 
target voltage on the transmission line 18 (central column) 
and the pertaining validity area (right column) are indicated 
in dependence on the desired signal difference between the 
desired signal levels. 



Table 1 
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Bit combination 


Desired voltage level 


Validity area 


00 


V tt - 3/2 AV 


[0; V tt - AV] 


01 


V tt - 1/2 AV 


[Vtt - AV; V tt ] 


10 


Vtt + 1/2 AV 


[v tt ; v tt + AV] 


11 


V tt + 3/2 AV 


[Vtt + AV; V DDQ ] 



In Fig. 2b and 2c, two explicit plots for desired voltage 
levels and pertaining validity areas are shown, which are a 
result of the representation of Fig. 2a by setting AV to V DDQ /4 
and/or to V DDQ /3. The numbers in square brackets refer to the 
bit combinations with which the respective desired voltage 
level and/or the validity area, which are associated with the 
same, are associated. 

As has been previously described, the desired voltage levels 
shown in Fig. 2a - 2c are achieved by turning a certain 
selection of transistors 12a - 12d on and off, so as to lead a 
current to or away from input 20, as a result of which the 
voltage at output 20 is pulled up and/or down. Selecting 
and/or activating the transistors 12a - 12d is taken over by 
the transcoder 16 converting the input bit signals in 
accordance with the activation scheme and/or the mapping rule 
shown in the same in table 2 below into a different set of 
driving signals S P1 , S P2 , S N1 , S N2 , such that different 
transistors 12a - 12d are turned on and off, respectively. 

Table 2 



Bit combination 


Sni 


Sn2 


Spi 


Sp2 


00 


V D dq 


Vddq 


Vqdq 


Vddq 


01 


V D dq 


ov 


Vddq 


Vddq 


10 


ov 


ov 


ov 


V D dq 


11 


ov 


ov 


ov 


ov 



5 As may be seen from table 2, in the case of an incoming bit 
combination of 00, which corresponds to the lowest desired 
voltage level in accordance with Fig. 2a, the transcoder 16 
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activates both full transistors 12c and 12d and deactivates 
the push-transistors 12a and 12b by selecting the gates of the 
first-mentioned with V DDQ and the gates of the last-mentioned 
with V DDQ . Because of this the transistors 12a and 12b are 
disabled. The transistors 12c and 12d lead current to ground, 
as a result of which the voltage drop across the resistors 14a 
and 14b causes a reduction of the voltage at output 20. With a 
bit combination of 01, only transistor N N1 will now be 
activated. Consequently, less current is led away, as a result 
of which the voltage drop across the resistors 14a and 14b, 
and thus the voltage reduction at output 20, is lower. 

Conversely, in the case of bit combination 11, the transcoder 
16 activates both push-transistors 12a and 12b and deactivates 
the two pull-transistors 12c and 12d. The current supply by 
the bit transistors 12a and 12b causes a voltage increase 
across the resistors 14a and 14b in contrast to the terminal 
voltage V tt at the output 20. In the case of the incoming bit 
combination 10, the transcoder 16 activates only one of the 
pull-transistors 12a, resulting in a reduced current supply 
and a reduced voltage increase at the output 20. 

In order to obtain the desired output signal levels as 
specified by table 1 by way of the activation scheme 
implemented in transcoder 16, the MOS device characteristica 
will be considered. Since the resistance values of the 
resistors 14a and 14b are fixed, the setting of the channel 
widths setting of the transistors 12a to 12d will be effected 
such that the current strength, which is achieved by 
activating the same, will take on suitable values for 
supplying and/or removing. This will be illustrated in an 
analytical manner below using the example of the NMOS- 
transistors 12c and 12d. Only if the ratio of the leakance 
currents between the activation of both transistors 12c and 
12d and the activation only of transistor 12c is 3:1, and if 
the same correspondingly applies for the transistors 12a and 
12d, such a voltage level arrangement in accordance with Fig. 
2a may result. 
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In the case that the nMOS-transistors 12c and 12b operate in 
the linear range, the setting of the channel widths is not 
directly proportional to the current contribution of the 
respective transistor, such that the setting of the channel 
widths of the same to a ratio of 1:2 = WN1:WN2 with WNl as 
channel width of the transistor 12c and WN2 as the channel 
width of the transistor 12c does not result in the desired 
result, as is shown in Fig. 2a - 2c, i. e. the equidistant 
spacing of the four signal levels. Resulting deviations from 
this may result in serious transmission errors on the receiver 
side, which, however, is avoided in accordance with the 
invention. 

Using the example of the nMOS-transistors 12c and 12d, the 
setting of the channel widths of the same will be described 
below in dependence on the desired voltage difference AV for 
the case when both are operated in the linear range, the 
voltage supply V DDQ is 2.5 Volts and the terminal voltage V tt is 
1.25 Volts. The threshold voltage V th of the transistors 12c 
and 12d is assumed to be 0.5 Volts. 

Since for calculating the transistor widths only the 
activation conditions of the bit combinations 00 and 01 are 
relevant, in which the pMOS-transistors 12a and 12b are turned 
off, the drain voltage V D across the activated nMOS-transistor 
(in case of the input bit combination 01) and/or the activated 
nMOS-transistors (in the case of the input bit combination 01) 
is in each case less than the terminal voltage V tt , i. e. V D < 
V tt . The gate voltage V G of the activated nMOS-transistors, as 
may be seen from table 2, is 2.5 Volt, i. e. V DDQ . Assuming 
this it may be checked whether the nMOS-transistors 12c and 
12d are operated in the linear range. As everybody knows, this 
is the case, if V G -V th > V D . This is confirmed by an 
examination using the above assumptions. Under the above 
assumptions the nMOS-transistors 12c and 12d are consequently 
operated in the linear range. 
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As may now be seen from Fig. 2a and/or table 1, in the case of 
the bit combination 00, it is desired that the signal voltage 
level at the output 20 is reduced by 3/2 of AV as against the 
terminal voltage V tt . This voltage reduction must be 
conditioned by the voltage drop across the resistors 14a and 
14b, which results from the current leakage by the activated 
nMOS-transistors 12c and 12d. Therefore, the current I R through 
both resistors 14a and 14b must be I R = {3/2 AV} / {2R}. In 
addition, since it is exclusively conditioned by the 
transistors 12c and 12d, it eguals the current I D through the 
transistors 12c and 12d, i.e. I R = I D . Consequently, in the 
case of the bit combination 00 and the two activated nMOS- 
transistors 12c and 12d the following applies: 

I D = {3/2 AV}/{2R} = 3 AV/{4R} Equ. 1 

Correspondingly, in the case of the bit combination 01, the 
voltage drop across the resistors 14a and 14b must be 1/2 AV, 
such that the current I D through the only activated nMOS- 
transistor 12c, as is shown in table 2, the following applies: 

I D = {1/2 AV}/{2R} = AV/{4R} Equ. 2 

As has been found out above, the two nMOS-transistors 12c and 
12d are operated in the linear range under the present 
assumptions. In this case, for the context between drain 
current I D , drain voltage V D , gate voltage V G and threshold 
voltage V th , the following known equation applies: 



Id 



V D [V G - Vth - 1/2 V D ] Equ. 



where W designates the transistor width and A is a 
proportionality constant. In the case of bit combination 00, 
since both nMOS-transistors 12c and 12d are activated, the sum 
of the channel widths W H i of the transistor 12c and of the 
channel width W N2 of the transistor 12d is to be inserted for 
the transistor width W in equation 3, i.e. W = W H i + W N2 , while, 
in the case of bit combination 01, since only the nMOS- 
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transistor 12c is activated, only the channel width W N1 is to 
be inserted for the transistor width W, i.e. W = W N1 . In the 
last-mentioned case, equation 3 already enables the 
calculation of a value to be set for W N1 for a given voltage 
5 difference AV. 

Inserting the right expression of equation 3 into the 
equations 1 and 2 for I D and replacing the channel width W by 
W N1 + W N2 in the case of equation 1 and by W N1 in the case of 
.10 • equation 2 and dividing the resulting equation 1 by the 
resulting equation 2 and solving the equation for the 
relationship W N2 /W N1 will then result in: 

Wni _ ? Vddq - Av 3V DD0 - 4V th + AV _ 1 Equ> 4 

W N1 V DDQ - 3AV 3V DDQ - 4V th + 3AV 

15 

Similar considerations lead to the result that the 
relationship between the channel width W P1 of the pMOS- 
transistor 12a and W P2 of the pMOS-transistor 12b is to be set 
in a corresponding manner in dependence on the desired voltage 
20 difference AV: 

*k = Vddq ~ Av 3V DD0 - 4V th + AV _ 1 Equ _ 5 

W P1 V DDQ - 3AV 3V DDQ - 4V th + 3AV 

The setting of the channel widths of the transistors 12a - 12d 
25 is therefore provided in accordance with the equations 4 and 5 
and depends on the desired voltage difference AV. Table 3 
shows the channel width relationship W N2 /W N1 (mean column) to be 
se and the channel width relationship W P2 /W P1 (right column) to 
be set, for three exemplary voltage differences, with the 
30 latter resulting by inserting the corresponding voltage 
difference AV into equations 4 and 5. 



Table 3 



AV 


W N2 /W N i 


W P1 /W P2 


0,1 V 


2, 16 


2,16 
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0,2 V 


2,39 


2, 39 


0,4 V 


3,27 


3,27 



By an analytical consideration or by a consideration obtained 
via a circuit simulation of, for example, parasitic effects, 
the equations 4 and 5 may be further improved. In any case, 
5 the desired signal level configuration from Fig. 2a may be 

achieved at least essentially by setting the transistor widths 
of the transistors 12a - 12d to channel width relationships, 
as established by the equations 4 and 5. 

• 10 With respect to the preceding description, it should be 

appreciated that the above is merely an exemplary assumption 
that, upon activating the nMOS-transistors , the supply voltage 
V DDQ is used as gate voltage V G , and 0 Volts are used as a gate 
voltage for activating the pMOS-transistors 12a and/or 12b. 
15 Other controlled voltages are also possible. Under this 

generalization the following results for the channel width 
relationships to be set: 

%2 = = 3 Vddq ~ AV 4V G - 4V th - VppQ + AV _ l £ g 

W P1 W m V DDQ - 3AV 4V G - 4V th - V DDQ + 3AV 

20 

The driver interface described above in exemplary form, is 
therefore employable as a driver stage in a voltage mode-4- 
level interface, i. e. a 4-level SSTL driver. Thus, it may 
also correspond to the DDR- SDRAM- SSTL interface specification. 

25 For suitably dimensioning the push- and/or pull-field effect 
transistors, the dependence on the desired voltage difference 
between the desired voltage level was considered. In addition, 
it was also considered that the transistors operate in a 
linear operation. In contrast to the channel width setting in 

30 accordance with the US 6,140,841 described in the introductory 
part of the description, the relationship is greater 2. 



35 



With respect to the previous description, it should be 
appreciated, that, above, the driver circuit did not include 
the circuit part 14. In accordance with a broader aspect, 
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however, the driver circuit may also be considered as 
including the circuit part 14, i. e. as a driver stage device. 
This driver stage device would have the resistors external to 
the actual driver circuit, which, for example, would be 
5 implemented as an integrated circuit, while the resistors 
would be provided as arbitrarily realized components on a 
circuit board. The capacitive load, therefore, represents only 
an equivalent circuit diagram for the distributed load of the 
circuit board/connectors etc. 



